The synthesis of copper-doped activated carbons from different origin (i.e., lignocellulosic and bituminous coal) by a wet impregnation and low temperature calcination procedure has been explored, as well as the role of copper particles on the physicochemical and structural features of the resulting materials. The textural characterization and isothermal reactivity analysis of the pristine and doped activated carbons have shown that the role of copper during the calcination step strongly depended on the nature of the carbon matrix. Copper impregnation of a coal-derived activated carbon catalyzed the air gasification of the material at a very low temperature (i.e., 325 ºC), bringing about the development of microporosity on the doped carbon. In contrast, when copper was immobilized on a lignocellulose-derived activated carbon, the metallic species act as combustion retardant during the calcination step, protecting the carbon matrix during the catalytic gasification. In 2/22 both cases, the resulting materials displayed a homogenous distribution of copper within the carbon matrix, while preserving large textural properties.
Introduction
Activated carbons are extensively used in a large number of industrial applications, mainly covering adsorption (both in gas and aqueous phase) and catalytic processes [1] [2] [3] . This is due to their low cost, wide availability and high performance, owing to their flexible coordination chemistry that allows an infinite possibility of threedimensional structures with expanded pore network, and to their ability to react with other heteroatoms on the surface or within the structural framework.
In many applications, knowledge of the surface chemistry of carbons is of paramount importance as it determines the chemical stability and the reactivity in adsorptive and catalytic processes [4, 5] . A high number of activated carbon applications have arisen because of the existence of a superficial layer of chemically bonded elements.
Very often, the natural chemistry of an activated carbon surface (usually coming from the precursor or activation agent) is not potent enough to promote specific adsorbateadsorbent interactions or catalytic properties of the carbon surfaces. Thus, the possibility of enhancing the physicochemical properties of carbons via modification of their surface by the incorporation of the desired heteroatoms is among current research interests in carbon science.
In this regard, various methods have been described in the literature to modify carbon surface chemistry [6] [7] [8] [9] . Particularly, the incorporation of transition metals of catalytic activity on porous solids (including zeolites, pillared clays and carbonaceous materials) has attracted widespread interest for some decades due to the potential applications of such materials in catalytic and adsorption processes [1, 3, 10, 11] . This is the result of the demand for highly functionalized materials in emergent areas, where besides tailoring the porosity (efforts are concentrated in the synthesis of carbons with tailorable pore sizes, controlled pore shapes and large surface areas), the surface chemistry of the obtained materials plays a crucial role to develop selective adsorbents and more efficient catalysts.
To meet such demands many approaches have been explored; the incorporation of the metal has been made in the precursor of the activated carbon, directly in the activated carbon, by means of oxidation treatments, impregnation with metal oxides or metal chlorides, carbonization of polymers of organic salts with metals on its composition, and so forth [12] [13] [14] [15] [16] [17] [18] . In all cases it is crucial to obtain a high dispersion and distribution of the metal in the carbon, while developing or maintaining the porosity of the support.
The objective of this work was to explore the dual role of copper as activating and protective agent of activated carbons of different nature (i.e., lignocellulosic and coal precursors). The presence of the metal in the carbon materials may enhance their catalytic [19] , redox [20, 21] , or adsorptive properties [14, 22, 23] . We have focused on the study of the porous structure and the metal content and dispersion of doped carbon materials. In a typical procedure, the carbon material was impregnated with the inorganic salt containing the selected metal (i.e., copper nitrate) and calcined. The effect of the carbon precursor on the dispersion of the metallic species and the porosity of the resulting metal doped carbons has been investigated; these features of paramount interest to prepare copper-doped carbons with a homogenous distribution of the metallic species on the carbon matrix and large surface areas.
Experimental Methods

Materials
Two activated carbons obtained from different precursors were selected: a lignocellulosic-derived activated carbon obtained from CO 2 activation (800 ºC, 1 h) of sisal (Agave Sisalana) fibers (S), and a commercially available activated carbon obtained from steam activation of a bituminous coal precursor (Q). Copper nitrate (Sigma Aldrich, 99 % purity) was used as inorganic salt precursor. The metal loaded carbons were prepared by a wet impregnation technique using an aqueous solution of the copper salt. About 20 mL of this solution were put in contact with 1 g. of activated carbon and stirring for 24 hours. The solution concentration was adjusted to attain 1 wt.% copper in the activated carbons. Impregnated samples were dried overnight at 100 °C in an air recirculation oven and then calcined at 325 °C for 3 h in air atmosphere (2 ºC/min). The calcination step allowed the removal of the counter-ion of the metallic cation and thus to fix the metallic species on the carbon matrix. The calcined copper-loaded samples will be referred to as SCu and QCu. Blanks of the raw non-impregnated activated carbons calcined at the same temperature were also prepared (labeled as Scal and Qcal).
Characterization of the carbon materials
Textural characterization of the carbon materials was carried out by N 2 and CO 2 adsorption-desorption isotherms at -196 and 0 ºC, respectively. Before the experiments, the samples were outgassed under secondary vacuum at 120 ºC overnight. The isotherms were used to calculate the specific surface area, S BET , total pore volume, V T (evaluated at p/p o 0.95), and pore size distributions using the density functional theory (DFT) approach [24] . The volume of narrow micropores was evaluated from the DR formulism applied to the CO 2 adsorption data, using 1.023 g/cm 3 as the density of adsorbed CO 2 nitrogen and air atmosphere at a flow rate of 50 mL min -1 . X-ray diffraction (XRD)
patterns were recorded on a Bruker D8 Advance instrument operating at 40 kV and 40 mA, and using Cu Kα (λ = 0.15406 nm) radiation. Dispersion of the metallic particles incorporated to the carbon matrices was characterized using a Ziess DSM 942 scanning electron microscope; particles were dispersed on a graphite adhesive tab placed on an aluminum stub. The images were generated in the back scattered electron signal mode, which yielded better quality pictures.
Reactivity measurements of the impregnated carbons before calcination were carried out in dry air at 325 ºC in a thermobalance. The sample (ca. 10-15 mg) was initially heated under N 2 up to 325 ºC (50 mL min -1 ), and then the nitrogen flow was changed to dry air and maintained during 3 hours. The flow was changed again to nitrogen during the cooling down experiments. The reactivity tendency in air was corrected versus the corresponding blank experiments in inert atmosphere.
Results and discussion
1. Characterization and reactivity of the raw activated carbons
Nitrogen adsorption isotherms presented in Figure 1 illustrate the evolution of porosity from the pristine (samples S and Q) to the copper-loaded final activated carbons (samples SCu and QCu). Additionally, the corresponding textural parameters evaluated are presented in Table 1 . As it can be observed in Figure 1 , the pristine carbons before copper impregnation exhibit a hybrid I/IV isotherm according to the IUPAC classification, which is characteristic of microporous materials with an important contribution of mesoporosity [25] . Both raw activated carbons show a broad knee at relative pressures p/p 0~0 .2, suggesting the presence of wide micropores. The N 2 adsorption isotherms also show a hysteresis loop (type H4) at relative pressures about 0.5
where the adsorption and desorption branches are parallel, that indicates the presence of small slit-shaped pores and a well developed mesoporosity for both carbons [25] . An exhaustive analysis of the distribution of pore sizes was carried out combining the information of N 2 and CO 2 adsorption isotherms ( Figure 2 ). In the case of sample Q, the micropore volume obtained by the DR equation applied to N 2 was larger than that obtained from CO 2 adsorption, indicating the presence of wide micropores (disregarding kinetic restrictions) [26] . The opposite trend was obtained for sample S, showing the contribution of the narrow micropores for this material.
It can be observed that the calcination at 325 ºC brought about quite a different response of both activated carbons, with important modifications in the textural properties for the sisal-derived sample. In the case of the coal-derived activated carbon (Qcal), a slight increase in the oxygen content was observed (Table 2) after calcination, which indicates that oxidation of the carbonaceous matrix was the dominant reaction taking place during the calcination of this activated carbon [27] . This behavior was somewhat expected based on the low temperature chosen for the calcination treatment, which aimed at decomposing the counter-anion of the copper salts while preventing the gasification reaction under air atmosphere (which did not seem to occur at 325 ºC).
Indeed, both the thermal analysis of the inorganic salt used in the impregnation and the DTG profiles of the raw carbon Q in air (Figure 3 and inset) confirmed both observations: the complete decomposition of copper nitrate below 325 ºC and the inertness of carbon Q at these conditions. Consequently, minor changes in the textural properties of carbon Q were detected upon calcination (sample Qcal). The slight decrease in the surface area and pore volumes (accounting for ca. 10 %), can be attributed to the slight oxidation of the matrix (Table 2) . Although some works in the literature report that air gasification of carbon materials at moderate temperatures (between 300-500 ºC) leads to an increase in the mesopore volume of activated carbons [28] , our results show that this was not the case of sample Q, at least for the non catalytic gasification. The study of the reactivity of carbon Q in air in a thermobalance (isothermal gasification) also confirmed that this carbon does not react with air under these conditions, even when long times (ca. 3 hours) are applied ( Figure 4 ).
In contrast, calcination brought about a severe modification of the sisal derived activated carbon. This sample (Scal) was almost completely burnt-out when exposed to air at 325 ºC during 3 hours (mass loss 23 %), and the resulting material had a negligible porosity (Figures 1 and 2 ) and a grayish color (see inset in Figure 2 ). This structural collapse suggests that a strong gasification of this lignocellulose-derived activated carbon takes place at 325 ºC, as opposed to what was observed for carbon Q. In fact, the fast calcination of the sisal-derived activated carbon was confirmed by the reactivity studies in the thermobalance). It can be observed in Figure 3 that mass loss of the lignocellulosicderived activated carbon in air becomes to be important at temperatures above 280 ºC, below the temperature chosen for the calcination treatment in this study. Moreover, the isothermal gasification tests at 325 ºC ( Figure 4 ) confirmed an overall mass loss close to 25 wt.% after 3 hours, as opposed to 0.5 wt.% for the coal-derived carbon.
Although the non-catalytic gasification of biomass-derived chars at low temperatures has been reported in the literature [29] , an important difference here is that in our study the air gasification has been carried out in an activated carbon (not on the solid residue after pyrolysis of the biomass, this is a 'char'). Sample S, being an activated carbon, has already been exposed to high temperatures during the activation step and consequently the amount of volatiles resulting from the thermal cracking of the carbon matrix is not very high (ca. below 7 wt.%, and similar to that of carbon Q). Thus, the high reactivity towards air exposure of this carbon can be associated to the presence of highly reactive sites in this material, likely as a result of the rich surface chemistry (Table 2) characteristic of lignocellulose-derived carbons.
2. Characterization and reactivity of the copper-doped activated carbons
When copper was incorporated to the carbon matrix, outstanding differences were obtained for both materials, particularly if one bears in mind the low amount of metal (ca.
1 %) immobilized. It can be observed from the gas adsorption isotherms that the impregnation of copper brought about an important porosity development (Figures 1 and   2 ) in both cases. This effect was undoubtedly more pronounced for the lignocellulose-derived activated carbon, where copper impregnation appeared not only to promote the air gasification but to prevent the complete calcination and further structural collapse of the pristine activated carbon. Since this effect was not observed for the corresponding non-impregnated calcined carbons, it has to be attributed to the copper incorporated to the carbon matrix.
In the case of sample Q, the catalytic effect of copper for the air gasification was evident on the textural parameters of the resulting carbon (Table 1) . It was also corroborated by the reactivity studies in the thermobalance. The DTG profiles under air The catalytic activity of copper as well as other transition metals on the gasification of carbons is rather well known, due to their ability to undergo oxidationreduction reactions at the carbon-metal interface [30] [31] [32] [33] . However, most studies have reported this behavior in chars obtained from various precursors and at higher temperatures than those herein used. This is an important advantage, since reducing the activation temperature might limit the sintering of copper particles, thus enabling a better distribution of the metallic species on the resulting carbon material.
Moreover, we have observed that the gasification causes mainly an enlargement of the microporous structure of Q carbon (N 2 adsorption isotherms are parallel from relative pressures above 0.3). Analysis of the gas adsorption data revealed that the narrow microporosity -determined by the CO 2 adsorption isotherms-of the pristine carbon remained rather unchanged, and that the modifications in the pore volume and surface area are associated to an enlargement of the micropores of wider sizes. It is also interesting to remark that the incorporation of copper to activated carbons has been reported to provoke a collapse in the porosity of the metal-loaded carbons [34, 35] .
In the case of the lignocellulose-derived activated carbon (sample SCu), the effect of copper is more striking, as it seems to provoke the opposite effect. Calcination of the non-impregnated sample (Scal) at 325 ºC was very strong, which caused a remarkable damage in the carbon structure and porosity. In contrast, the mass loss after 3 hours of calcination decreased from 23 to 7 wt.% when copper was incorporated to this material ( Figure 4) . Indeed, the DTG profiles in air show that the onset temperature of the calcination is delayed ca. 60 ºC, compared to the pristine sisal-derived activated carbon ( Figure 3 ). As results of this, a slight pore development in the copper-doped material was obtained, rather than its burning-out (Table 1) . Thus, although it is evident that the gasification reaction occurs (similarly to carbon Q), it would seem that copper plays another role here, behaving as gasification retardant as opposed to what has been reported so far for the role of copper in the gasification of coal and lignocellulosic chars [30, 36, 37] .
The SEM images and XRD analysis of the copper-loaded carbon materials (QCu and SCu) were used to further investigate the distribution of the copper species on the surface of the doped carbons. The SEM micrographs ( Figure 5 ) show no visual signs of the impregnation (no arrays of copper clustering); according to EDX analysis, the white particles observed in the micrographs correspond to the mineral matter of the carbons.
Moreover, the EDX screening of bigger areas (see red mark in Figure 5 ) of the carbon particles (in both cases) show copper distributed within the carbon matrix. This confirms that copper is homogeneously distributed on the carbon, rather than forming large copper clusters. The low amount of copper incorporated to the carbon matrix (ca. 1 wt.%) compared to other studies might be responsible for the even distribution of the copper species, preventing the formation of large particle aggregates [14] . XRD of these samples confirmed the co-existence of copper oxides and metallic Cu on the carbon matrix. These results also indicate the good dispersion of the metallic salt before calcination, and thus a relatively strong Cu-carbon interaction in both activated carbons. The elemental analysis data of the studied carbons indicated that along with copper, quantities of oxygen were also incorporated to the carbon matrix during the calcination treatment ( Table 2 ). The SEM image of SCu also shows that the calcination did not destroy the fibrous structure of the sisal-derived material, as it was the case for calcination in the absence of copper.
The catalytic gasification of copper on carbons (graphites and chars) has been explained by the mobility of confined Cu/CuO nanoparticles [37] [38] [39] at temperatures close to the Tamman value (i.e. temperature at which sintering starts). This mobility is valid for particles below a critical size (below 100 nm), and facilitates the diffusion of oxygen to the copper-carbon interface when the material is exposed to air, thereby favoring oxidation-reduction reactions according to:
The SEM images ( Figure 5 ) confirmed the small size of the copper particles in both materials, for which migration of the metallic species is not restricted. However, 325 ºC is far below the Tamman temperature reported for Cu and CuO (405 and 527 ºC, respectively [36] ), although mobility of copper particles could still be possible by an extra heat arisen from other redox reactions occurring at the carbon surface [36] . This could be the case for the gasification of sample Q, in which the extra-heat may come from the thermal decomposition of the nitrate ion (inset in Figure 3 ).
In the case of sisal-derived activated carbon, the situation seems more complex.
As mentioned above, the rich surface chemistry (Table 2 ) of this activated carbon could explain the easier gasification in air and in the absence of a metallic catalyst. The impregnation with copper somehow protects this material from the fast oxidation, as if the copper species would create an inert film on the carbon surface that would prevent the reactions when this is exposed to air. A somewhat similar role of copper salts as flame retardants of thermoplastic polymers has been reported in the literature [40] . However its effect on the delay of the combustion of an activated carbon (protection) had not been previously reported. Moreover, the good dispersion of the copper particles within the carbon matrix (no large aggregates are observed) along with the preservation of the porous structure and the increased oxidation resistance make theses copper-loaded carbons excellent candidates to be used as catalysts in advanced oxidation processes for the degradation of refractory pollutants.
Conclusions
This work describes the dual role of copper as both catalyst and chemical protector (i.e., combustion retardant) during the calcination of activated carbon materials from different origins (i.e., lignocellulose and coal-derived). In the case of a coal-derived activated carbon, the immobilization of copper on the carbon matrix catalyzes the air gasification, by lowering the calcination temperature by 100 ºC. As a result of the low temperature, the sintering of metallic species is avoided and the resulting material presented a homogenous dispersion of metallic particles within the carbon matrix, while displaying an enlargement of the existing microporous network (to mesopores). On the other hand, the copper immobilized on a highly reactive lignocellulosic activated carbon prevented the structural collapse of the materials during calcination, while promoting the porosity development. In this case, a dual role of copper particles was observed, acting as a protective layer of the carbon (to avoid its burning out), and enlarging the microporosity to create mesopores. These materials showing a good dispersion of nanosized copper particles and large textural development are promising candidates as highly selective adsorbents and catalysts to be used in advanced remediation techniques. Tables Captions Table 1 . Main textural parameters of the activated carbons obtained from gas adsorption data. 
